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k  HIGH  REPETITION  RATE  AND  KODE-LOCKED  PHOSPHATE  GLASS  LASER 


He  H-uijuan,  Lu  Guoxian,  Li  Yongchun 
Qian  Linxin,  Gu  Shenru,  and  Zhao  Longxin 
Shanghai  Institute  of  Optics  and  Fine  Mechanics 
Academia  Sinica 


Abstract:  High  repetition  rate  operation  of  a  picosecond 
glass  laser  up  to  10  Hz  was  achieved  by  using  a  new  kind  of 
chosphate  glass.  The  pulse  duration  is  24  ps,  the  spectral  width 
is  0.84  A  and  the  total  energy  of  the  pulse  train  is  6  mJ. 


The  key  to  the  operation  of  glass  materials  at  high 
repetition  rates  lies  not  only  in  an  improvement  of  their  thermal 
conductivity,  but  also  in  an  avoidance  or  elimination  of  the 
undesired  optical  pumping  induced  thermal  effects,  such  as  the 
optical  path  change  due  to  change  in  the  index  of  refraction  with 

H 

temperature,  ^  and  the  linear  expansion  coefficient,  U  .  For 

s-ilicFitc  gla??,  both  ^  and  o(  are  Doeitive,  The  new-tyoe  of 

d  n 

phc.pnate  glass  adopted  in  our  laboratory  exhibits  negative  ^  and 
pr.ri^ive  ot'  behavi or ,  so  that  changer  in  the  optical  path  resul^i;.:” 
frcm  both  of  them  can  be  compensated  by  each  other.  As  a  result, 
such  a  change  con  reach  a  minimum  value  each  time  when  light 
travels  back  ano  forth  in  a  laser  cavity.  '  • 

The  relation  between  change  in  the  total  optical  path  and 
temperature  is 
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where  0^=^  — ,  r  is  the  distance  from  the  center  of  the  rod,  and  the 
ther.T'^-optical  coefficient,  W=^+(n-l)A. 

V.hen  ^  and  d  have  different  signs,  ^p(r)  decreases  dramatic¬ 
ally.  This  is  the  reason  why  glass  lasers  can  be  operated  at  high 
repetition  rates  without  the  optical  pumping  induced  thermal  effect 

Table  1  lists  the  properties  of  the  two  phosphate  glasses 
used  in  this  investigation.  It  is  shown  from  the  table  that  both 
glasses  have  negative  ^  values.  Since  W  values  for  these  two 
glasses  are  6.6Xio~'7/°C  and  4X10“"^/°C,  respectively,  ilri(r)  in  eqn. 
(1)  alm.ost  tends  toward  zero. 

For  a  satisfactory  laser  operation  to  occur  at  repetition 
rates,  it  is  necessary  to  design  an  optimum  thermostable  cavity. 

We  discussed  this  kind  of  cavity  in  a  mode-locked  laser^ 
specially  under  the  genera  conditions  with  a^O,  where  a  is  the 
distance  between  the  center  of  the  rod  and  the  output  lens.  Change 


in  the  stability  of  the  laser  output  light  beam  due  to  a  small 
change  in  the  focal  lengtn  of  the  inner  lens  denends  on  the 
derivatiV':  of  the  facula  size,  W-)  with  resnect  to  the  focal  length 

\kJ  Vo  ZTi 

■T  • 


,  When  the  G  factor  of  the  resonance  cavity  satisfies 


Gi- 


G, 


2(7P23G7^ 


(r) 


d  W 1  /d 

tnen  where  suoscrints  1  an.:  i  refer  to  the  quantity  c 


tr.e  output  lead  ani-:  that  of  the  back  surface,  resnectively .  The 


facula  sizes  on  lens  1,  lens  2,  and  the  laser  rod  are 


Tatle  1.  Properties  of  the  Phosphate  Glasses 
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where  8=3,  and  a  and  b  are  the  distance  between  the  inner  lens  and 

*  D 

the  front  cavity  lens  1  and  that  between  the  inner  lens  and  back 
cavity  lens  2,  respectively.  When  the  disposition  of  the  parts  in 
the  cavity  changes,  i.e.,  changes,  the  thermostable  state  of  the 

cavity  also  changes.  Pig.  1  presents  the  Gpiy  stability  curvpr- ''em 
the  most  insensitive  cavity  of  the  laser  rod  thermal  lens  with 


the  laser  rod  thermal  lens  with 


differert  values  of  ^  parameter.  According;  to  the  practical 
dimensions  of  the  optical  elements  now  available,  we  selected  ^=1/ 
and  calculated  the  facula  size,  Wi  as  a  function  of  thermal  focal 
length,  f,  as  shown  in  r'ig.  2.  It  can  be  easily  inferred  from  thi 
figure  that  when  f  reaches  1.5m,  the  cavity  is  deviated  from  the 
thermostable  region  and  with  f^l.lm,  the  cavity  is  in  the  unstable 
region.  Changes  in  the  thermal  focal  length  with  pulse  reoetition 


1.  The  Gil2  stability  curves  of  the  thermally  insensitive 


cavi tv 


2- 


Variation  cf  the  facula  size,  Wi  with  thermal  focal  length 
Crdinate:  facula  size;  and  abscissa;  repetition  rate. 


rate  were  measured  for  phosphate  glass  Np-j,  a  silicate  glass  and 
Nd:YAG.  The  results  are  shown  in  Fig.  3.  Below  the  dot  line,  the 
cavity  is  within  the  unstable  region.  It  appears  that  Nd:YAG  can 
be  operated  at  tens  Hz]  the  phosphate  glass  at  frequencies  higher 
than  10  Hz,  and  the  silicate  glass  only  at  frequencies  lower  than 
5  Hz.  In  cases  where  the  silicate  glass  is  operated  at  5  Hz,  the 
cavity  is  already  within  the  unstable  region. 

The  active-passiA'e  locking  mode  was  adopted  to  the  laser 
which  had  a  1.5m  long  cavity  consisting  of  a  7m  complete  reflection 
concave  mirror  and  a  tapered  plate  mirror  with  R=68%.  A  1mm  thick 
dye  cell  was  connected  directly  to  the  concave  mirror.  The  dye  is 
pentamethyldyne  dissolved  in  1,2-ethyl  di-chloride.  The  back  and 
forth  transmissivity  of  small  signals  is  0.84;  the  rod  dimension, 
tmm.xlOOrr.rri;  the  total  width  of  the  pulse  train  at  the  half  peak 
height,  150  nan: second  (Fig.  4),  Ite  total  output  energy  of  the 


Fig.  3.  Changes  in  the  thermal 
focal  length  with  pulse  rcre- 


tition  rate  for  NdrTAl,  N-i 
and  a  silicate  glass. 


Ordinate:  focal  lenrth  an-^ 
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abscissa:  repetition  rate. 
1-silicate  glass;  P-unstatl 
region;  3-Hz;  and  4-m. 


train,  6  nJ .  Tnt  pulse  width  was  measured  using  double-phnton 
fluorometry.  Fig.  5  shows  the  densimeter  scanning  curve  with  a 
pulse  width  of  24  ps.  The  spectrum  was  run  using  an  1-m  grating 
spectrograph.  Its  densimeter  scanning  curve  v/here 


Fig.  4.  The  mode-locked  phosnhate  glass  nulse  train 
oscillograph.  Time  scale:  50  ns/cm. 


Fig.  5.  The  densimeter  scanning  curve  of  the  double- 
photon  fluorometry.  1-ps. 


Fi.--.  t.  Tne  ocr.simcter  scannin.;  curve  of 


a  srectru 


a 

zr.e  spectrun;  width  is  0.84  A  is  shown  in  Fig.  6.  When  the  rene- 
tition  rate  of  the  laser  changed  from  1,  5,  up  to  10  Hz,  the  out¬ 
put  pulse  train  of  the  oscillograph  was  stable  and  generally  the 
output  energy  was  also  stable.  This  is  similar  to  the  output  con¬ 
ditions  of  an  Nd:YAG  laser.  However,  the  mode-locked  silicate 
glass  lasers  can  only  be  operated  at  1  Hz  under  the  same  conditions. 
When  the  repetition  rate  reached  5  Hz,  the  outout  quickly  dronned 
to  zero.  These  results  appear  consistent  with  the  analyses  of  the 
thernostable  cavity  and  thermal  lens. 

Because  of  the  absorption  of  the  pumped  light  and  the  tem¬ 
perature  gradients  in  the  rod  resulting  from  cooling  of  the  rod 
surface,  mechanical  stresses  were  developed  in  the  rod.  Reference 

?  gives  the  stress  equation  for  a  cylinder, 

Cr{r)’’QS{r^-rl) 

a.:r)-e5(3r*-r»)  C’) 

and  ‘^.(r)«29S(2r»-r5)  (g) 

Bans.  (6^-(fc)  describe  the  radial  stress,  (T^,  tangential  stress,  (T^ 

and  axial  stress,  CT^  in  an  isotropic  rod  of  infinite  length  where 

8~aE:ieE:(i-p)}-^  (°) 

Ihf  Young's  modulus,  B,  the  thermal  conduct! vi t y ,  K,  and  the  poisson 

ratio,  V  are  all  the  characteristic  parameters  of  the  material. 


Also,  we  have 


where  r^  is  the  radius  of  the  rod;  L,  tne  rod  length;  and  1^,  the 
internal  friction  oower  of  the  rod.  The  stress  distribution  is  a 
parabola  of  r.  Using  eqns.  (t)'^(6)  and  substituting  the  material's 
characteristic  parameters,  with  the  pump  energy  of  850w,  stress  as 


a  function  of  the  radius  of  the  phosphate  glass  rod  was  calculated, 
as  shov^T.  in  Fig.  7.  These  curves  indicate  that  at  the  rod  surface, 
the  radial  component  of  the  stress  approaches  zero;  at  the  center  o 
the  rod,  all  the  three  components  are  negative,  so  that  the  center 
is  in  compression;  and  again  at  the  surface,  both  the  tangential  an 
axial  c 0 m.p on ents  are  positive  and  the  surface  is  in  tension.  The 
maximum  stress  appeared  at  the  center  and  at  the  surface  of  the  ro 


A'ith  an  increase  in  the  power  dissipation  in  the  rod,  tensicn  a‘  th 
surface  increased.  Addition  of  vectors  (7^  and  (T^  in  eqns.  (t)  and 


(c)  results  in  T^ay.: 


v'  2  aE  P, 
bxK^l-v)  L 


A'e  measured  tne  dissipation  energy  which  caused  rupture  of  the  r.''d, 


Fig.  7.  I/i  s  tr  i  cut :  or.  of  the  intern;:’  rt:-ro  f  o  : 

glass  rod.  Crcinate;  stress;  ur.d  o't  sc :  s  s.o  ; 


normalisec  radius.  l-Ke/c.o-  . 


an.;;  found  tnat  the  thern;al  expansion  haopenea  when  Kpiwas 
sr..";  N24,  990w'.  nron  this,  the  tensile  strengths  w'ere  estiir.ated 
as  Isf  kg/cn.?  for  N?1  and  230  kg/cm^  for  ^24-  fact,  the  act 

I’urture  strengtn  of  a  laser  rod  strongly  depends  on  rod  surface 
finish  conditions.  It  was  reoorted  by  the  Soviets^  that  the 
Ticasured  rupture  strength  of  a  phosphate  glass  is  205  kg/cir^, 
exransicn  coefficient,  99X1  with  the  same  tensile  strenrt 

a?  given  in  this  paper. 

The  actual  ooeration  enercv  of  the  mode-locked  nhosnhate 
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lies.  The  thermal  excansion  data  show  the 


possibilities  of  ooerating  these  lasers  at  over  10  Hs,  with  the 
T.ai'or  o'cstacies  beint,  thermal  expansion.  A  well  polished  rod 
surface  has  no  irr.perfac  ti  ons  and  no  stress,  and  can,  therefore, 
nave  an  increased  thermal  loaaing. 

T;.-  assistan;-t  of  Jiang  Zhonghong, ,  Znang  Junzhou  and  Chen 
Ze:-in;  wt.j  rroviced  tne  £:lass  materials  and  nararcters  is 
ac/.n : w'l edg ed  wits  tnanks. 
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